In mammals, the canonical histone H3 and the variant H3.3 are assembled into chromatin through replication-coupled and replication-independent (RI) histone deposition pathways, respectively, to play distinct roles in chromatin function. H3.3 is largely associated with transcriptionally active regions via the activity of RI histone chaperone, HIRA. However, the precise role of the RI pathway and HIRA in active transcription and the mechanisms by which H3.3 affects gene activity are not known. In this study, we show that HIRA is an essential factor for muscle development by establishing MyoD activation in myotubes. HIRA and Asf1a, but not CHD1 or Asf1b, mediate H3.3 incorporation in the promoter and the critical upstream regulatory regions of the MyoD gene. HIRA and H3.3 are required for epigenetic transition into the more permissive chromatin structure for polymerase II recruitment to the promoter, regardless of transcription-associated covalent modification of histones. Our results suggest distinct epigenetic management of the master regulator with RI pathway components for cellular differentiation.
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T he eukaryotic genome is packed in chromatin by formation of nucleosomes that consist of two copies of histones H2A, H2B, H3, and H4. Although canonical H3 (H3.1/H3.2) is predominantly assembled into a nucleosome during S phase via replication-coupled (RC) histone H3/H4 chaperone CAF1, H3.3 is expressed and deposited throughout the cell cycle via replicationindependent (RI) histone chaperone HIRA (1) (2) (3) . The cell-cycleindependent expression pattern of H3.3 and its specific amino acid substitution around residues 87-90 are important in order for this evolutionarily conserved H3 variant to incorporate into specific chromatin domains according to biological function (4, 5) .
Recent analysis of the genome-wide distribution pattern of H3.3 in embryonic stem cells showed that H3.3 is enriched in both transcriptionally active and inactive regions (6) . As for nontranscriptional function, H3.3 or HIRA contributes to mammalian sex chromosome inactivation (7), germline cell development (8) , and fertilization (9) through a massive genome-wide nucleosome assembly. Chromatin remodeling factor CHD1, which belongs to the chromodomain family of SNF2-like adenosine triphosphatases, is also responsible for H3.3 incorporation into the male pronucleus, presumably in couple with HIRA (10) . Besides, HIRA is involved in the formation of senescence-associated heterochromatic foci (SAHF) (11) and the maintenance of gene silencing (12) (13) (14) . Formation of SAHF is driven by HIRA and another H3/H4 chaperone Asf1a and involves repression of proliferation-promoting genes.
Simultaneously, many aspects of H3.3 indicate its involvement in active transcription; posttranslational modification patterns enriched on H3.3 such as H3 lysine (K) 4, K36, K79 methylation all linked to active transcription (15) (16) (17) , strong resemblance of the genome-wide distribution profile of H3.3 to that of polymerase II or methylated H3 K4 (18) , and a role as a structural component of H2A.Z-containing nucleosomes that mark nucleosome-free regions of active promoters (19) . Indeed, transcription induction coincides with H3.3 accumulation at several individual genes (20) (21) (22) . However, recent reports based on detailed analysis of transcriptional and developmental phenotypes of flies that have been genetically manipulated to deplete H3.3 have challenged its functional significance in active transcription (23, 24) , because H3.3 was dispensable for most transcriptional events throughout Drosophila development. One of the proposed mechanisms for H3.3 replacement is that canonical H3 may be able to serve as a functionally equivalent substrate for the transcription process (5) . It is thus uncertain whether H3.3 is simply deposited via the RI pathway as a consequence of restoration of chromatin structure that was perturbed by transcription or whether it has a specific regulatory role in transcription.
Recently, with regard to its role in euchromatin, H3.3 was reported to be associated with epigenetic memory of transcription state during muscle development (25) . During skeletal myogenesis, upon receiving differentiation cues, proliferating myoblasts irreversibly exit the cell cycle and begin to differentiate into multinucleated myotubes, which is accompanied by a coordinated transition of gene activities (26) . In this study, we examined H3.3 deposition and the role of HIRA, Asf1, and CHD1 during myogenesis and showed that RI pathway-H3.3-HIRA/ Asf1a plays an important role in myogenic differentiation through cell type-specific activation of MyoD at the level of transcription. Our data show that the RI pathway operates during myogenic transcription to deposit H3.3, which cannot be substituted by canonical histones.
Results

Differential Expression of RC and RI Components During Myoblast
Differentiation. To investigate the role of variant histones and various histone chaperones, we first analyzed the shift of global gene expression profiles in skeletal muscle C2C12 cells during myoblast differentiation using the mouse 24K gene expression microarray chip (Illumina). C2C12 myoblasts differentiate into multinucleated myotubes upon serum withdrawal (Fig. S1A) . Microarray analysis revealed that expression of HIRA and Asf1a was largely maintained during myogenesis, whereas the RC histone chaperone CAF1 (p150 and p60) or other basal nucleosome assembly factors such as Nap1 and nucleoplasmin were all reduced (Fig. 1A) . The expression patterns of the above genes were examined individually at the mRNA and the protein levels ( Fig. 1B and Fig. S1B ). HIRA was maintained, but CAF1 decreased as cells differentiated into myotubes, during which other muscle markers were appropriately induced [MyoD, MHC (myosin heavy chain), myogenin, or p21] or decreased (Ezh2, SIRT1) as reported (26) . Interestingly, the expression fate of two isotypes of Asf1 diverged during differentiation such that Asf1a persisted, similar to HIRA, while Asf1b decreased, similar to CAF1, consistent with their pairwise interaction (Fig. 1B) (1, 27) . Consistent with the expression pattern of HIRA, two mouse H3.3 genes, H3.3a and H3.3b, were continuously expressed as previously reported in chicken myogenesis (28) , whereas canonical H3s (H3.1s and H3.2s) and other variant histones, macroH2A, H2A.X, H2A.Z, and CENP-A, were down-regulated after withdrawal from the cell cycle ( Fig. 1 A and C and Fig. S1C) . Unexpectedly, the expression of CHD1, another chromatin remodeling factor implicated in H3.3 deposition (10) , was decreased at the onset of differentiation (Fig. 1B and Fig. S2 ). These results suggest that H3.3 and the RI pathway involving HIRA and Asf1a might play a central role in the remodeling of chromatin structure associated with muscle differentiation.
HIRA Is Necessary for Transcriptional Activation of MyoD in a Cell
Type-Specific Manner. To directly ascertain the role of HIRA in skeletal myogenesis, we depleted HIRA in C2C12 cells using the shRNA-mediated knockdown system (Fig. S3 A and B) . The differentiation efficiency, as measured by the percentage of myogenin+, MHC+ cells, or cell fusion, showed that C2C12 myoblasts stably expressing HIRA shRNA were not able to differentiate efficiently into myotubes ( Fig. 2A and Fig. S3C ). Those cells remained only partially differentiated as a cell-cycle marker (Cyclin D1) or a negative differentiation-regulatory factor (Ezh2) was appropriately down-regulated (Fig. S4A ) but induction of myotube-specific muscle markers (myogenin and MHC) was markedly reduced. To obtain a genome-wide description of the effect of HIRA on cellular differentiation, we performed global gene expression profiling with control (ctl) or HIRA knockdown cells (shHIRA). A total of 412 genes were either up-or downregulated by more than 1.5-fold in a differentiation-induced condition when HIRA was depleted (Fig. S3D) . Notably, among 71 genes involved in muscle-specific structural, functional, and transcriptionally regulatory functions, 15 were dramatically affected by HIRA depletion (Fig. 2B ). Of note, many HIRAdependent genes such as Cdkn1c were also reported to be under the control of MyoD (29, 30) , a key regulator of myogenesis (26) The mRNA levels of histone chaperone (black) and various histone (blue) genes during skeletal myogenesis were analyzed by microarray. Genes whose fold difference (Log 2 ) is less than 0.5 are underlined. (B and C) RNA extracted from C2C12 cells grown to each differentiation day (d1 ∼ d3) was reverse transcribed with oligo dT (B) or random hexamers (C) to synthesize cDNA. The mRNA level of each gene was analyzed by RT-PCR. Two independent primer pairs used to detect canonical H3 (H3.1/H3.2 #1 and #2) recognize most of the H3.1 and H3.2 genes in the mouse genome, whereas each H3.3 primer pair is specific to H3.3a (H3f3a) and H3.3b (H3f3b), respectively. β2m (beta2-microglobulin) was used as a control. MHC (myosin heavy chain), MyoD, MCK (muscle creatine kinase), myogenin, and p21 are myogenesis markers. Mb, myoblasts; Mt, myotubes. indicating that HIRA shares its target genes with MyoD or functions upstream of MyoD. To assess these two possibilities, we evaluated the expression of the MyoD gene and other marker genes in control shRNA and shHIRA C2C12 cells. Interestingly, the expression of MyoD and other myogenesis markers was greatly reduced in the shHIRA C2C12 cells at both the protein and mRNA levels ( Fig. 2C and Fig. S4A ). To avoid the possibility of clonal variation, C2C12 cells were treated transiently with two independent siRNAs that target different regions of HIRA mRNA (siRNA-1 and siRNA-2). These experiments also showed that the expression of MyoD and myogenesis markers was affected by HIRA depletion (Fig. S4 B and C) . In particular, the expression of MyoD was dramatically reduced in differentiating conditions but was barely affected in proliferating myoblasts (Fig. 2D) , suggesting that HIRA specifically affects MyoD expression during terminal differentiation of muscle cells. To confirm the role of HIRA in MyoD expression, we generated three independent shHIRA clones that express different levels of human HIRA. Human HIRA is able to escape from the mouse-specific RNA interference. Here, the impaired expression of MyoD [myogenin, MCK (muscle creatine kinase), and MHC as well] was partially rescued by the ectopic expression of human HIRA in correlation with their expression levels ( Fig. 2E and Fig. S5A ). In addition, ectopic expression of FLAG-tagged MyoD in shHIRA cells suppressed differentiation defects without affecting the level of endogenous MyoD gene ( Fig. S5 B and C) . In contrast, reducing CHD1 with specific siRNA affected neither MyoD nor myogenin expression in proliferating or early differentiating cells (Fig. 2F and Fig. S2D ). These results indicate that HIRA is an essential factor for myogenesis and likely an upstream regulator of cell type-specific activation of MyoD transcription.
HIRA Is Responsible for H3.3 Deposition onto the Transcriptionally
Regulatory Elements of MyoD During Differentiation. We next asked whether HIRA-dependent and differentiation-associated MyoD activation was relevant to its H3.3-specific histone chaperone activity. To this end, C2C12 cells stably expressing either epitopetagged H3.1 or H3.3 (eH3.1 or eH3.3) were established and confirmed to differentiate normally ( Fig. S6 A and B) . H3.1 and H3.3 were expressed in similar amounts and seemed to support in vivo function as the differential histone modification pattern was recapitulated such that a repressive mark (H3K27me3 and H3K9me2) was associated with H3.1, whereas an active mark (H3K4me2) was associated with H3.3 (Fig. S6C) . In addition, H3.3 interacted preferentially with HIRA, whereas H3.1 interacted with the H3K27 methyltransferase, Ezh2 (Fig. S6D) . We then analyzed the relative incorporation of H3.1 or H3.3, spanning upstream regulatory elements (CER: the core enhancer region; DRR: the distal regulatory region; PRR: the proximal regulatory region) or two coding regions (CD1 and CD2) of MyoD with an irrelevant region (∼ − 15 K) as a control, by chromatin immunoprecipitation (ChIP) followed by quantitative real time PCR analysis. Dramatic accumulation of H3.3, but not H3.1, especially around the CER, DRR, and PRR, which are known to be critical for MyoD expression, was apparent as differentiation proceeded (Fig. 3A) . In particular, the H3.3 level in the CER was relatively high compared to that in other regions already in myoblasts and this level rapidly increased further upon differentiation while the H3.3 level in the PRR increased more gradually. The level of H3.1 was largely unchanged throughout differentiation. In contrast, cells treated with siRNA targeting HIRA were not only impaired in MyoD activation, but also failed to accumulate H3.3 specifically in the differentiated condition (Fig. 3B) . The level of H3.3 in the CER of proliferating cells was barely affected by HIRA knockdown (Fig. 3C) . Instead, combined depletion of CHD1 and HIRA reduced it to ∼50%, indicating that H3.3 is deposited by redundant contribution of HIRA, CHD1, and other unknown factors (Fig. 3C ). Thus our data indicate that prominent differentiation-associated H3.3 deposition around the upstream regulatory and promoter regions is mediated by HIRA and might be important for MyoD activation.
Myotube-Specific and Differentiation-Associated H3.3 Deposition Is
Mediated by HIRA and Asf1a. Histone chaperone Asf1 is expressed as two isotypes, Asf1a and Asf1b, in the mouse genome. Asf1a is the form that preferentially interacts with HIRA (27) , is detected in the H3.3 complex (1), and is continuously expressed during myogenesis (Fig. 1) . As Asf1a serves as an essential partner for HIRA in the senescence-associated heterochromatin foci formation pathway (11), we asked whether Asf1a also plays a role in HIRA/H3.3 mediated MyoD activation and muscle differentiation. Indeed, the expression of MyoD and marker genes such as myogenin and MHC was reduced at both the mRNA and the protein levels in C2C12 cells treated with siRNA targeting Asf1a but not Asf1b (Fig. 4 A and B) . Knockdown of Asf1a did not affect the level of HIRA, excluding the possibility that Asf1a reduced the MyoD expression indirectly by affecting the stability of HIRA (Fig. 4A and Fig. S7 ). Importantly, specific enrichment of H3.3 in differentiated myotubes could not be detected upon RNA interference of Asf1a (Fig. 4C) . However, Asf1a siRNA had no discernible effect on the level of H3.3 in the myoblast CER, indicating that Asf1a participates in differentiation-associated H3.3 accumulation. Our data suggest that Asf1a, together with HIRA, has a role in MyoD activation and this ability might be related to their H3.3 deposition activity.
To directly ask whether H3.3 incorporation is critical for MyoD activation, we treated cells with a mixture of siRNAs that target H3.3a and H3.3b without perturbing the expression of histone H3.1 or H3.2 (Fig. 4D) . Importantly, myogenic differentiation of these cells was partially impaired as observed in HIRA-or Asf1a-depleted cells. The mRNA levels of MyoD, myogenin, and MCK were down-regulated in a differentiation condition, reminiscent of HIRA or Asf1a depletion (Fig. 4D) . Next, we examined the recruitment of histone chaperones using specific antibodies against HIRA (WC15) and Asf1a. Consistent with the H3.3 incorporation around the MyoD gene, occupancy of both HIRA and Asf1a was detected in the regulatory regions where H3.3 incorporation takes place actively (Fig. 4E) . Asf1a was additionally detected in the coding region consistent with its role in transcriptional elongation (31, 32) . However, unexpectedly, their occupancy was either not changed or marginally decreased, depending on the loci, as myoblasts differentiated into myotubes. Although ChIP was useful to detect their occupancy, the efficiency of cross-linking of histone chaperones to DNA did not correlate with their activity, potentially suggesting that the way they interact with chromatin may be altered while histones are actively exchanged and/or their activity rather than their recruitment may be targeted by differentiation signals.
Chromatin Changes Mediated by RI Histone Deposition. To gain insight into the mechanism by which H3.3 regulates MyoD transcription, we first analyzed the covalent modification patterns of H3 in the MyoD elements by ChIP. The H3 K4 methylation (H3K4me3) and the H3 K9 acetylation (H3K9ac) were increased at multiple regions (except for H3K4me3 at the CER) when transcription was activated as determined by increased occupancy of RNA polymerase II, whereas the H3 K9 methylation (H3K9me3) was relatively unchanged (Fig. 5A) . As expected by reduced transcription, C2C12 cells expressing HIRA shRNA showed decreased occupancy of polymerase II at the PRR compared to the control cells, but unexpectedly, the levels of histone markers (H3K4me3, K9ac, and K9me3) were barely affected by HIRA depletion. Only H3 K9ac was slightly decreased at the PRR, probably reflecting the ongoing transcription state. This implies that a large part of transcription-associated histone modification is acquired in a post-histone-deposition step, independently of histone specificity, which means that the defect in MyoD activation by lack of H3.3 deposition was not attributed to the failure of induction of appropriate histone modification. To explore any chromatin change in the CER and PRR, we next investigated the binding of linker histone H1. Histone H1 is necessary for folding chromatin into a more compact structure that becomes refractory to transcription (33) .
In particular, binding of H1b (one of the H1 subtypes) to the CER via interaction with Msx1 homeodomain protein is necessary for repression of MyoD until differentiation is initiated (34) . We used a subtype-insensitive H1 antibody for the ChIP assay. Notably, the H1 occupancy was significantly and specifically diminished at both CER and PRR in myotubes compared to that in proliferating myoblasts (Fig. 5B) . Importantly, this H1 loss accompanied by cellular differentiation was not observed in shHIRA cells. Given the opposite distribution behavior of H3.3 and H1 (35) , our data suggest that HIRA and H3.3 deposition might facilitate rapid removal of repressive H1. Additional structural differences were examined by DNA accessibility analysis using PvuII or micrococcal nuclease (converted into the relative protection value). Compared to the control, HIRA and H3.3 depletion led to increased PvuII protection (decreased accessibility) around the PRR but not around the GAPDH gene, which also harbors a single PvuII recognition site (Fig. 5C ). In addition, Fig. 5D shows that the PRR gained increased protection from micrococcal nuclease in HIRAdepleted cells compared to control cells. Unlike PRR, DNase sensitivity of CER was not affected by HIRA, partly because of a nuclease sensitive feature of CER already established in myoblasts during cell specification (36) . Taken together, H3.3 incorporation around the CER and the PRR is very likely the key step in epigenetic transition of chromatin structure necessary for the polymerase II to gain access to the MyoD promoter. Therefore, chromatin transition with H3.3 itself is indispensible, even though posttranslational histone modification is achieved.
Discussion
MyoD is expressed in steps during acquisition of myogenic identity and activation of terminal differentiation under distinct regulatory networks to meet the cell state-specific protein amounts and activities. Here, our findings provide insights into the molecular mechanisms that mediate MyoD activation upon terminal differentiation. In response to differentiation cues, rapid accumulation of H3.3 is achieved in the CER, which has been premarked by H3.3 for the proliferation stage; this is followed by de novo incorporation of H3.3 in the PRR, which eventually leads to removal of H1, opening of chromatin, and acceleration of transcription initiation (Fig. S8 ). Dramatic changes in H3.3 and the essential role of RI histone chaperones during myogenesis seem to be relevant to the neuromuscular defective phenotype of H3.3 knockdown mice (37) .
How could the components of RI histone deposition pathway contribute to MyoD transcription? In the PRR region, which contains a conserved TATA box and serves as a promoter of the MyoD gene (38) , HIRA/Asf1a seem to mediate the replacement of promoter nucleosomes with those containing H3.3, affecting chromatin structure in favor of transcriptional activation. As evident in yeast PHO activation driven by Asf1-dependent nucleosome loss (39), H3.3 substitution could cause intrinsic nucleosome instability (19) , which might be a prerequisite for polymerase recruitment and MyoD activation. As for the CER, which is known to be critical for both cell specification and differentiation (36), H3.3 induction in the CER does not seem to be aimed at polymerase recruitment toward the CER. A polymerase was able to enter this element in the absence of HIRA or additional induction of H3.3 (Fig. 5A) . Instead, in accordance with CER's role in temporal control of MyoD during terminal differentiation by being targeted by H1, HIRA/Asf1a-dependent rapid accumulation of H3.3 in response to a differentiation signal appears to correlate with H1 loss from the CER. The relative content of H3 variants could potentially further influence transcriptional environment by affecting relocation of MyoD gene within the nucleus (40, 41) . Interestingly, recent genome-wide analysis of H3.3 has revealed many upstream regulatory enhancers enriched with H3.3 (6), suggesting that sitespecific and regulated deposition of H3.3 via the RI pathway might play a more general role in gene expression by providing an instructive chromatin environment. Nonetheless, because many enhancer elements also produce substantial amounts of noncoding RNAs (42) , it is important to delineate whether H3.3 is the cause or the consequence of enhancer transcription rather than (or in addition to) target gene regulation.
With present study and reports by others (41, 43) , we propose functionally distinct roles of RC and RI pathways. The RC pathway operates for faithful maintenance of current chromatin states and cellular identity during cell proliferation. With the decision to differentiate, the RC pathway and chromatin factors involved in the massive nucleosome assembly seem to decline to a level necessary for maintenance of genome integrity, which might be one of the mechanisms for keeping differentiated cells in cell-cycle arrest, whereas the RI pathway, the function of which has been minimally required for marking CER with H3.3 and securing the specific gene state (25, 43) , becomes active, driving epigenetic reprogramming of a cell state by activating MyoD expression as one of its targets. H3.3 in the myoblast CER persisted during cell proliferation, which could be partially explained by preferential association of HIRA/Asf1a in this region (43) . Although their binding monitored by ChIP was not further increased upon differentiation, there are possibilities that the activities of RI histone chaperone could be regulated under various signaling network by phosphorylation (44, 45) . This model provides that the epigenetic reprogramming mechanism underlying the progression of multipotent progenitors into differentiated cells might be driven by the timely and regulated contribution of RC vs. RI pathways. Considering many other developmental steps that involve precise regulation of proliferation and differentiation such as generation of neurons, adipocytes, and hematopoietic cells (46) , coordinated regulation of histone deposition pathways might be important for both maintaining a particular cellular stage and reprogramming into another one. Future studies will determine how various histone chaperones are targeted to specific regions and how their activities are regulated in the context of cellular differentiation networks.
Materials and Methods
C2C12 cells were induced to differentiate in DMEM containing 2% (vol∕vol) horse serum (differentiation medium) for 3 d. To monitor differentiation, cells were paraformaldehyde-fixed and stained with anti-myogenin and anti-MHC to calculate myogenin+, MHC+ cells, and the fusion index. For production of stable cell lines, retroviral or lentiviral systems were used for transduction and selected with appropriate drugs for a week. Transfection of siRNAs was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. To analyze the relative expression levels of mRNA, cDNAs prepared using TRIzol reagent (Invitrogen) and cDNA synthesis kit (Promega) were amplified by real time qPCR. Primers used in this study are listed in Table S1 . Further detailed methods are contained in SI Materials and Methods.
